Giant impacts (GIs) are common in the late stage of planet formation. The Smoothed Particle Hydrodynamics (SPH) method is widely used for simulating the outcome of such violent collisions, one prominent example being the formation of the Moon. However, a decade of numerical studies in various areas of computational astrophysics has shown that the standard formulation of SPH suffers from several shortcomings such as artificial surface tension and its tendency to promptly damp turbulent motions on scales much larger than the physical dissipation scale, both resulting in the suppression of mixing. In order to quantify how severe these limitations are when modeling GIs we carried out a comparison of simulations with identical initial conditions performed with the standard SPH as well as with the novel Lagrangian Meshless Finite Mass (MFM) method in the GIZMO code. We confirm the lack of mixing between the impactor and target when SPH is employed, while MFM is capable of driving vigorous sub-sonic turbulence and leads to significant mixing between the two bodies. Modern SPH variants with artificial conductivity, a different formulation of the hydro force or reduced artificial viscosity, do not improve mixing as significantly. Angular momentum is conserved similarly well in both methods, but MFM does not suffer from spurious transport induced by artificial viscosity, resulting in a slightly higher angular momentum of the proto-lunar disk. Furthermore, SPH initial conditions exhibit an unphysical density discontinuity at the core-mantle boundary which is easily removed in MFM.
INTRODUCTION
During the late stage of terrestrial planet formation, energetic collisions between roughly Mars-sized planetary embryos are common (Chambers 2001) . These collisions are called giant impacts (GIs) and influence the mass, spin and the number of planets in the final planetary system. The outcome of such violent collisions was studied in many previous publications (Asphaug et al. 2006; Leinhardt & Stewart 2012) . One particularly compelling case is the giant impact hypothesis for the formation of the Moon (Cameron & Ward 1976; Benz et al. 1986; Canup & Asphaug 2001) . The Moon and the Earth have almost identical isotope composition for several elements, such as oxygen (Wiechert et al. 2001) and titanium (Zhang et al. 2012) . This is problematic as most previous simulations found that most disk silicates are derived from the impactor, which then must have had a composition almost identical to that of the Earth. Thus alternative models like a fast-spinning proto-Earth (Ćuk & Stewart 2012), a hit and run collision (Reufer et al. 2012 ) and an almost equal mass impact (Canup 2012) were proposed. However, all models are not entirely satisfactory as they either fail to reproduce the observations or introduce new issues, for example, forming a fast-spinning proto-Earth, which need to be solved.
Most GI simulations have used Smoothed Particle Hydrodynamics (SPH) (Lucy 1977; Gingold & Monaghan 1977) . Many shortcomings of the method have been exposed and overcome in the last few years, such as the artificial tension force acting at the interface between two fluids (Agertz et al. 2007; Price 2008) , the excessive numerical viscosity damping physical velocity variations (Cullen & Dehnen 2010) , the noise associated with the conventional adoption of low number of neighbors in the SPH kernel and the dependence of certain results on the choice of a specific kernel (Dehnen & Aly 2012) , and finally the numerical angular momentum transport (Kaufmann et al. 2007; Mayer et al. 2007; Deng et al. 2017) . A new SPH scheme has been proposed (Hopkins 2013) and used in GI simulations by Hosono et al. (2016) . Special techniques for SPH are also developed in GI simulations, such as the treatment of free surface and the explicit conservation of entropy (Reinhardt & Stadel 2017) . Discreteness particle noise in SPH as well as artificial viscosity smear out local velocity variations thus damping subsonic turbulence on overly large scales relative to the physical dissipation scales of the turbulent cascade. These issues have promoted improvements of the method (Bauer & Springel 2012; Beck et al. 2016) which are absent in all previous giant impact simulations using SPH. Alternatively, other hydrodynamical solvers have recently been developed that still keep the main advantage of SPH in treating collisions between bodies, namely its Lagrangian nature. Hopkins (2015) implemented a new Lagrangian meshless finite mass (MFM) method in the GIZMO code showing excellent shock capturing and conservation properties (Hopkins 2015; Deng et al. 2017) . Hopkins (2015) also shows that MFM can capture small-scale turbulence, yielding results that are very similar to those of moving-mesh and stationarygrid methods. GIZMO MFM also appears to sustain subsonic MRI (Balbus & Hawley 1991) turbulence much longer than SPH in local shearing box simulations (Deng et al. 2018, in prep) .
We ran GI simulations using the GIZMO code (Hopkins 2015), employing both MFM and SPH for different equations of state and planetary compositions, to investigate the role of the numerical hydrodynamics method on mixing in the post-impact remnant. The main features of the hydrodynamical methods adopted and the initial conditions of GIs are described in section 2. We present the results of single component impacts in section 3.1 as well as multiple component impacts in section 3.2. We discuss the results in section 4 and draw conclusions in section 5.
INITIAL CONDITIONS AND HYDRODYNAMICAL METHODS
We use the GIZMO code (Hopkins 2015) which includes a number of particle-based hydro solvers, and augmented them with new equations of state in order to be able to model giant impact (GIs). In particular, we use the standard SPH solver inherited from the GAD-GET3 code (see Springel (2005) ) which is based on the density-entropy formulation of the SPH equations and adopts standard Monaghan artificial viscosity with the Balsara switch (Balsara 1995) to minimize viscous dissipation away from shocks. The other numerical hydrodynamics method that we consider is MFM. We recall that MFM solves the hydro equations by partitioning the domain using volume elements associated with the original particle distribution and computing fluxes at the interfaces of the resulting tessellation by means of a Riemann solver as in finite volume Godunov-type methods (Hopkins 2015) . While many modern SPH variants have appeared in the last years that improve considerably in its ability to model complex flows, we chose to use this relatively old SPH formulation in order to enable comparison with most past work on GIs which indeed did not adopt any of the new numerical implementation (but see Hosono et al. (2016) ). However, we tested the effect of improvements present in modern SPH codes such as the Cullen & Dehnen artificial viscosity switch (Cullen & Dehnen 2010 ) and the artificial thermal con-ductivity of Read & Hayfield (2012) in the discussion section (see section 4). Particular care has been give to constructing our initial conditions. For the latter we follow Reinhardt & Stadel (2017) which, by using relaxation on a glass, produces a density representation with much lower random noise in the assignment of particles' positions and velocities compared to conventional models generated by relaxing the particles on a 3D lattice (Canup et al. 2013; Hosono et al. 2016) . Eventually the initial setups are further relaxed by running them with the hydro code chosen for the run (standard SPH or MFM) for about 3 hours of simulation time until the random velocity of particles, measured by their root mean square velocity, is less than 1% of the impact velocity. In order to avoid problems at the planet's surface while relaxing the model, we applied the free surface treatment proposed in Reinhardt & Stadel (2017) but disabled it during the impact simulation to allow a direct comparison with published results.
We use the Tillotson equation of state (EOS) (Tillotson 1962) to model impacts of undifferentiated objects and M-ANEOS (Melosh 2007) for the canonical Moon formation impact model (differentiated, with 30% iron and 70% dunite by mass). We describe our core-mantle boundary treatment in the following section. Barr (2016) . The initial condition is modeled using 500K particles with iron particles' mass equal two times dunite particles' mass. The CTH grid code model (fiducial model), SPH model and MFM model are shown in black, green and red respectively. Only the MFM model kepng the infinitely sharp (no low-density iron particles) core-mantle transition while the SPH model still has noncontinuous pressure profile at the core-mantle boundary.
Core-mantle boundary
We use 500K particles (comparable to recent highresolution impact simulations) to sample the target (0.89M ⊕ ) in the canonical Moon formation scenario. We compare our model with the benchmark model of the Moon formation impact in Barr (2016) (private com-munication), which was performed with the grid-based hydro-code CTH (Crawford et al. 2006) . In SPH the density of the ith particle is the kernel weighted sum of its neighbor particles' masses (Springel 2005) ;
as a result core-mantle boundary is not infinitely sharp. The core-mantle transition is at the smoothing length scale in SPH while MFM has a larger transition region (see the upper panel of figure 1 ). Particles/cells in the transition region with density intermediate between iron density and dunite density do not have well defined physical properties. They are expanded iron or compressed dunite in the EOS table which is not physically motivated.
Even worse, at the core-mantle boundary the density, thus the smoothing length, changes sharply, which leads to an artificial tension force separating the two components in standard SPH (Agertz et al. 2007; Price 2008) . In the lower panel of figure 1 , for the SPH realization we notice a discontinuous pressure profile when employing the M-ANEOS EOS. This is caused by artificial surface tension. Instead, MFM delivers a continuous pressure profile, albeit still exhibiting a small pressure bump. T Surface tension prevents fluid mixing (Agertz et al. 2007 ) but preserves a sharper core-mantle boundary in standard SPH compared to MFM (see figure 1) . Woolfson (2007) proposed an extra correction factor for the density at the interface between different components to maintain a sharp core-mantle transition. However, this is an ad hoc correction which is not formally consistent with the SPH or MFM formulation. We follow a different strategy and use particles with different masses in our MFM model. We recall that, in MFM, the density of the ith particle is:
where V ef f,i is the effective volume of the ith particle (see Hopkins (2015) ). Using iron particles of mass two times that of the dunite particles', the smoothing length, thus V ef f , is almost continuous across the core-mantle boundary, yet we obtain sharp core-mantle boundary with no particles entering an unphysical state (see upper panel of Figure 2 ). Woolfson (2007) had to vary the correction factor according to the density ratio of the two components whereas with our approach we simply use a 2:1 mass ratio of particles. Indeed moderate variations in the density ratio are tolerable while a time-dependent variation of particle mass would cause the method to fail. In figure 2 , the pressure is still continuous in the MFM model, and overlaps with the fiducial model, while the SPH model still suffers from artificial tension force and has particles entering unphysical states. In the impact simulations, we use different mass particles in MFM but the same mass particles for SPH to enable direct comparison with prior work. An alternative SPH formulations (Ott & Schnetter 2003 ) based on discretizing the particle number density instead of mass density, similarly to the density estimate approach in MFM, can also resolve the sharp core-mantle boundary and should be explored further. We note that we use different mass particles for iron and dunite but that these masses are the same in both the impactor and target. Using different iron/dunite particle masses in the impactor and target can lead to numerical differentiation and thus cause unphysical mixing in our test runs with MFM.
3. RESULTS
Single component impact
For the single component models, we use the Tillotson EOS because it is simple and highly reliable. Such EOS can accurately model shocks, which are very important in high-speed impacts, and shows good agreement to measured data (Brundage 2013) . Its main weakness is the lack of thermodynamically consistent treatment of vaporization, which is not an issue in this simulation as we mainly focus on the different inner structure of the post-impact target here.
We use 500K particles to represent a 1M ⊕ target and a 0.1M ⊕ impactor, both of which are composed of granite described by the Tillotson EOS. This one component model is free of core-mantle discontinuity which is hard to handle in numeric models, see the discussion in section 2.0.1.
The impact setup is similar to the canonical Moon formation impact. The impact velocity equals 10 km/s and the impact parameter b = 0.71. We run this simple impact with both standard SPH and MFM implementations in the GIZMO code, hence the only difference is the hydro-method.
We observe a striking difference in the inner structure of the post-impact target between MFM and standard SPH. In figure 3 , we mark three layers of the pre-impact target and the impactor with four different colors to trace the deformation of the target and the spread of the impactor. In the SPH simulation, the target's core deforms slightly while in the MFM simulation the core is dispersed throughout the body. In the SPH simulation, the outermost layer is strongly deformed but never penetrates the core region. The MFM method, instead, allows fluid elements from the outermost layer of the target and the impactor to mix down to the core region. . The velocity magnitude (km/s) of the −0.1 < z < 0.1 region in the major body. The snapshots are taken at t = 10.5 h and some clumps are still re-colliding with the major body. The upper panel is the SPH simulation and the lower panel is MFM simulation. MFM is able to capture the more complex subsonic turbulence while SPH tends to damp it readily on large scales, resulting in a more coherent flow rotating around a low-velocity center.
This mixing happens as a result of complex 3D subsonic turbulence who characteristic velocity amplitude is less than 1km/s. Figure 4 shows the velocity field around the z = 0 plane after following the giant impact. In the SPH run, the flow is almost laminar and simply circulates around a low-velocity center. The flow structure is influenced by the tidal force from the ejecta and by their fall-back. In the MFM run always observe significantly more substructure in the flow characterizing the post-impact target. Our findings echo the analysis carried out by Bauer & Springel (2012) ,who showed that standard SPH but even more modern implementations such as PSPH, which uses the pressure-entropy approach described in Hopkins (2015) result in a dissipation scale for turbulence that is unphysical and much higher than that of finite volume methods using static or moving meshes. That the behaviour of MFM in this domain is closer to the latter codes than to SPH is expected as a result of the absence of explicit numerical dissipation from artificial viscosity and because of higher accuracy of velocity variations computed by means of the Riemann solver. It is aligned with the outcome of the many numerical tests discussed in Hopkins (2015) . In the following section we will assess the importance of capturing mixing promoted by (subsonic) turbulence in the context of the canonical Moon-forming impact.
Multiple-component impact
We run the run119 described by Canup et al. (2013) with SPH and MFM using 500K particles. In this impact, a 0.89M ⊕ target is hit by a 0.13M ⊕ impactor at their mutual escape velocity ∼ 9km/s. This model was proposed as a benchmark by Barr (2016) (see section 2.1).
Protolunardisk property
We carry out the analysis of the proto-lunar disk following Canup et al. (2013) . We calculate the disk mass M D and disk angular momentum L D at t = 35h, when the properties of the disk no longer change significantly. In our SPH simulation, we get disk mass M D = 1.70M L and angular momentum of the disk L D = 0.35L EM comparing well to M D = 1.69M L and L D = 0.33L EM in the highest resolution run119 of Canup et al. (2013) . Here M L and L EM are, respectively, the moon mass and the angular momentum of the Earth-Moon system. Our SPH simulation agrees very well with previous SPH simulations. In our MFM simulation, we have
Both the disk mass and the angular momentum are higher than in the SPH simulation, which we attribute to more accurate handling of angular momentum transport of MFM for differentially rotating flows (Deng et al. 2017 ) (note that, while SPH is conserves angular momentum by construction, the inclusion of artificial viscosity causes vorticity dissipation that enhances angular momentum transport). In the disk, the iron fraction is 7% in our SPH simulation, exactly as that in run119 of Canup et al. (2013) , and the MFM simulation has an iron fraction of 4%.
Mixing
In the canonical Moon formation scenario, part of the material of the impactor avoids is prevented from colliding with the target due to its offset resulting from the choice of the initial conditions, and is sheared into spiral ejecta. The ejecta will contract and re-collide with the target and lead to the tidal disruption of the former and the formation of the disk. In this model, most of the disk matter comes from the tidal disruption of the impactor. In run119 of Canup et al. (2013) , 70% of the disk material originates from the impactor.
Following Reufer et al. (2012) we use the deviation factor δf T to characterize the mixing in the Moon-forming giant impact, where
M slic targ and M slic tot denote the mass of the silicate part of the disk/post-impact target derived from the target and the total disk/post-impact target mass, respectively. δf T measures the composition similarity between the silicate part of the proto-lunar disk and the post-impact target. In our SPH simulation, f T = 27%, δf T = −70% agrees well with f T ≈ 30% in Reufer et al. (2012) ; Canup et al. (2013) . In the MFM simulation, f T = 43%, δf T = −50% and there is a higher degree of mixing.
In Figure 5 we can clearly appreciate how different is the mixing in the two methods. We label with different colors two layers of the proto-Earth mantle, core and impactor's mantle and core to trace the components. In the SPH simulation, the two layers of the mantle are distorted and become intertwined but do not mix (see snapshot taken at t = 36h). However, MFM mixes the two layers of the proto-Earth mantle and the impactor mantle thoroughly and quickly (snapshot taken at t = 14h).
Since we used MFM with two different particle masses (section 2) we tested that the SPH results are weakly dependent on the adoption of identical or different particle masses across the core-mantle interface. We found that mixing is much less efficient in SPH than in MFM irrespective of the latter choice. As a reference, SPH yields f T = 30% and δf T = −67% for a 2:1 mass ratio of particles in iron vs. rock, reflecting the reduced mixing.
The mixing in the Moon formation simulation is much more pronounced than in the single component model in figure 3 . The iron core can reflect pressure waves and shorten the crossing time scale in the post-impact target. This facilitates mixing in the post-impact target. The tidal interaction between the core and mantle also drives turbulence and enhances mixing. In the SPH simulations, silicates from the impactor always stay on the surface of the post-impact target. They originate from fall-back ejecta. The artificial surface tension (see 2.0.1) prevents them from entering the inner part of the post-impact target (Hosono et al. 2016) , while the suppression of turbulence in the post-impact target (see 3.1) prevents them from mixing with the target. Some fall-back clumps are able to accelerate fluid elements across the surface layer of the target and launch them onto disk-like orbits, hence in SPH more mass can be ejected because it cannot reach deeper down. On the other hand, MFM mixes the impactor's mantle and the target quickly, hence more silicates from the target can be propelled into the proto-lunar disk.
DISCUSSION: VARIANTS OF THE SPH METHOD
In the previous sections, we have shown how MFM can resolve subsonic turbulence and the associated mixing in GIs, which instead standard SPH cannot. The artificial tension force of standard SPH prevents fluid mixing, which in turn prevents fall-back ejecta from mixing with the post-impact target (section 3.2.2). Artifacts due to artificial surface tension can be alleviated in SPH by in- Figure 5 . Left panel, color-labeled different layers (slice between −0.1 < z < 0.1) of the pre-impact target (core and two layers of mantle) and the impactor (core and mantle). Middle panel, the material distribution at t = 36 h in the SPH run. Right panel, the material distribution at t = 14 h in the MFM run. In the SPH simulation, particles from the impactor mantle stay on the surface of the post-impact target due to the artificial tension force at the surface of the target and suppression of turbulence in the inner part of the target, which is also shown in Emsenhuber et al. (2017) . However, MFM mixes the post-impact target thoroughly and quickly. MFM has a puffy planet surface which is similar to the density independent SPH of Hosono et al. (2016) .
troducing a conductivity term in the hydro equations (Price 2008; Read & Hayfield 2012) , or by employing a more accurate integral-based gradient estimator (GarcaSenz, D. et al. 2012; Rosswog 2015) . We tested some of these improvements. Run119 was performed with artificial conductivity as suggested by Read & Hayfield (2012) . Mixing in the post-impact target was marginally improved, with the impactor's mantle penetrating a little deeper and the two layers of the target's mantle fracturing after a strong distortion rather than remaining intact as in standard SPH. However, the latter run also resulted in iron particles floating on the post-impact target's surface, which is likely caused by the complex EOS. (see APPENDIX A of Concerning other improvements that we did not test, it should be recalled that, since mixing is aided by the development of sub-sonic turbulence triggered by the collision, the ability to capture the latter phenomenon should be considered as a requirement for any SPH variant to be capable of modeling the correct physical behaviour in giant impacts. This is additional to removing artificial surface tension. In this respect Hopkins (2015) showed that the pressure-entropy formulation of SPH (PSPH) does not help to sustain subsonic turbulence, although Wadsley et al. (2017) found considerable benefits when a similar approach is combined with higher order kernels and a turbulent diffusion term. Beck et al. (2016) shows their improved Cullen & Dehen switch helps to sustain subsonic turbulence. We also rerun the same simulation with the Cullen & Dehnen artificial viscosity prescription but did not find any noticeable difference in the mixing. In summary, so far we could not determine if there is any combination of the many proposed improvements to standard SPH that can capture turbulence and mixing in the context of giant impacts, which MFM can instead do by design.
CONCLUSIONS AND PERSPECTIVES
We employed both SPH and, for the first time, a new Lagrangian method (MFM) to carry out GI simulations.Our goal was to compare their outcomes and determine if the degree of mixing depends on the adopted numerical technique. In our single component model with the TILLOTSON EOS, we find that turbulence, and thus mixing, is suppressed in the SPH simulation. We then run the canonical Moon formation model with the MANEOS EOS. Our MFM initial conditions accurately model the core-mantle boundary with no particles entering an unphysical state. Our SPH results are aligned with previous results reported in the literature. The MFM simulations agree well with SPH simulations in terms of disk mass and angular momentum but show an appreciable increase in the mixing between the impactor and the target.
MFM is a well-established hydrodynamics method (Hopkins 2017) with no numerical features that would exaggerate the mixing seen in these simulations. Instead, the indication from this work is that previous simulations have under-predicted the amount of mixing that happens in real GIs, which is line with notorious problems of standard SPH in capturing mixing in other astrophysical regimes (Agertz et al. 2007; Wadsley et al. 2017 ). Yet, the Moon formation model considered here still has a disk originating primarily from the impactor, an outcome which reflects the geometry of the encounter. Fully resolving the isotope conundrum arising in the Moon formation giant impact theory (Asphaug 2014) likely requires different initial conditions for the encounter. Hit-and-run models, for example, those in Reufer et al. (2012) , could potentially result in a more efficient mixing. Based on our results MFM would seem the ideal method to pursue further studies of mixing under a variety of initial conditions of GIs. This work simply represents the first step in this direction.
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